This article outlines the objectives, concept and expected performance of the ALTIUS (Atmospheric Limb Tracker for the Investigation of the Upcoming Stratosphere) mission in view of the continuation of earth limb measurements for atmospheric science. This type of measurement became rare with the failure of the European ENVISAT mission in 2012 and the number will further decrease when several Canadian, Swedish and US limb missions will terminate within the next few years. The project 5 is presented in the frame of a small mission initiative based on a micro-satellite platform of the PROBA (Project for On-Board Autonomy) class, with a high agility allowing for atmospheric limb observations in different remote sensing geometries from a low earth orbit. The instrument consists of three independent spectral imagers covering the UV-Vis-NIR ranges.
ranges.
In general, the instrument will operate at different measurement rates corresponding to the different observation geometries.
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For limb scattering observations, the along track sampling rate is consistent with the effective optical length along the line-ofsight (about 500 km). It is important to notice that a limb pointing instrument is unable to achieve a very large swath like a nadir looking sensor due to the Earth curvature. In Table 2 , we report the typical number of images (spectral snapshots) and observations (minimum ensemble of images at different wavelengths to retrieve the spectral absorber profiles).
In Table 3 , we identify the useful spectral windows to measure the concentration profiles of the main target gases together 25 with the required maximum spectral width, minimum SNR and maximum acceptable pointing error. In limb mode, a typical set of 10 wavelengths per channel will be recorded nominally in ten seconds to obtain sufficient spectral information content with a maximal geographical resolution. However, it will be possible to increase the measurement time up to 50 seconds (or even 100 seconds in the worst case) to improve the S/N ratio. Pixel binning (up to the full detector row) will also be made possible for the same purpose at the price of a reduced horizontal resolution.
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Preliminary Design Review (PDR) presently foreseen at the end of 2017 and will support several publications about a detailed and consolidated description of the sensor.
Platform, orbit and operations

Platform
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The payload has been designed to fit in an evolved PROBA platform design, as shown in Fig. 2 (internal view) and Fig. 3 (external view) below. The platform generic design has been modified in order to implement a propulsion system, to provide the necessary accommodation volume for the instrument as well as sufficient power to sustain the mission, and to remain within volume constraints for a set of realistic launchers compatible with the ALTIUS mission.
Orbit
Heliosynchronicity is a standard requirement for a limb-scattering instrument as air masses are sounded at a constant local solar time, while it makes the radiative transfer problem of the limb-scattered light more easily addressed by narrowing the range of solar angles to a small subset (drift of the orbital local ascending node will be limited to 0.5 hours over the mission lifetime).
A revisit time of about 3 days was selected (similar to ENVISAT) with some loose requirements on the exact overlapping of 5 the S/C ground tracks. For a low earth circular orbit (LEO) at an altitude of 680 km, this allows for an interesting trade-off between a short revisit time and a dense geographical sampling grid (about 800 km between successive tracks at equator) that matches the typical horizontal resolution of data assimilation models.
Baseline operations
During 90 % of the mission time, ALTIUS will be operated according to a so-called "baseline" scenario depicted in Fig. 4 : 10 1. On the dayside (bright limb), it observes scattered solar radiation in the backward direction with respect to the velocity vector 2. When approaching the terminator, a spacecraft manoeuvre brings the Sun into the FOV to observe a sunset occultation in inertial pointing mode 3. On the nightside (dark limb), 5 to 10 bodies (stars and planets) are selected and rallied to observe their occultation 15 4. At the terminator again, ALTIUS observes a sunrise occultation 5. Back to step 1, for a new cycle of observations. All system resources (energy, thermal budget, telemetry,..) have been optimized from this scenario. However, 10 % of the mission scenario is spare for less regular activities, including instrument calibration campaigns. The sequence of night objects (stars, planets and the Moon) selected for candidate observations was optimized with respect to the number of necessary satellite 20 manoeuvres. In Fig. 5 , we report the ensemble of successive observations for one satellite revolution in the baseline scenario, with successive sunrise occultation, limb scattering observations in dayside, sunset and, in the nightside, stellar, planetary and lunar occultations. A full day of ALTIUS observations is plotted in Fig. 6 , where the geolocations of observations are progressing westward by about 24 degrees between two successive revolutions. The simulation was performed for a quasicircular (eccentricity= 1.05 10 −3 degree) orbit with a semi-major axis of 7050 km and an inclination of 98.07
• degrees. Fig.   25 7 and 8 respectively represent the seasonal evolution of bright limb and solar occultation geolocations, the latter ones being confined to rather high latitudes as a consequence of the almost polar orbit inclination. On the other hand, lunar occultations in dark limb are also possible and allow for tropical observations (see Fig. 9 ). Finally, we also report the geolocations of brightest star and planet occultations in Figs. 10 and 11. 8 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -213, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 3 August 2016 c Author(s) 2016. CC-BY 3.0 License.
Special observation modes
As a serendipitous mode of observation, it shall also be possible to perform tomography of a species 3D distribution field in the low latitude regions. Due to the remarkable (and fortuitous) fact that the azimuthal angular distance to the side horizon is close to the angle by which the Earth will have rotated at the next LEO revolution, it is possible to combine a backward limb observation followed by a dedicated sideward limb observation at the consecutive orbit. This mode is called tomographic 5 because the same location is observed with a small delay of about 1.5 hours, from two almost orthogonal directions in equatorial regions , which allows for a 3-D inversion of the geophysical fields.
Even if the mission scenario of ALTIUS is driven by the baseline observation modes described above, the platform high manoeuvrability enables a pointing in many directions for dedicated and limited campaigns. Taking into account the total available power, thermal budgets, data transmission, exposition of star trackers to direct solar light, etc, the feasibility and 10 programming of these campaigns will require case-by-case studies. Therefore they will only be implemented after successful commissioning. As a non-exhaustive list of dedicated observation modes, we can mention: Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -213, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 3 August 2016 c Author(s) 2016. CC-BY 3.0 License. maximize the signal without saturation. In general, very little variation of signal can be seen along the horizontal direction. In Fig. 13 , we show a typical ALTIUS bright limb image in the UV channel. The noise is representative of the total radiometric uncertainty and a vertical cross section allows to easily identify the radiometric knee.
Solar occultation images
The Sun is an extended light source of which the apparent solid angle is fully covered by the 2-D detectors. A model of solar 
Star occultation images
As observed by ALTIUS, stars are point-like sources slightly defocused by the point spread function (PSF) of each channel.
Raw ALTIUS spectral images of stars are therefore essentially noise with a bright spot spread over a few pixels. A simple BeerLambert model has been developed to simulate stellar occultations. It computes the refracted optical path and the extinction by all absorbing (or scattering) species through the atmospheric layers. In the current model, these radial layers are considered 15 homogeneous with a thickness of 50 m. For the simulation presented in Fig. 15 , we used the out-of-atmosphere spectral irradiance of Sirius as measured by GOMOS, computed the extinction and solved the ray tracing problem for a standard atmosphere (summer mid-latitude, extinction by O 3 , NO 2 , aerosols and refractive dilution).
In-flight calibrations
Due to volume limitations, the platform will not be carrying calibrated light sources or spectroscopic references to monitor 20 drifts of instrumental characteristics. Only vicarious methods will provide the needed information. When unavailable during nominal observations, calibration campaigns will require acquisitions and manoeuvres that will interrupt the baseline data production. The heliosynchronicity of the orbit will introduce repetitive patterns over different time scales (orbit, seasons) allowing for predictability of the change in performance. Also, the rather simple instrument design limits the sources of possible performance drift and it is expected that the time allocated to calibration campaigns will remain well below the limits of the 10 25 % spare mission time reserved for non-baseline operations. The imaging capability of ALTIUS is a strong advantage especially for the pointing calibration. Furthermore, the agility of the PROBA platform allows for a set of different approaches, potentially bringing any source of light in the field of view. Hereafter, three main calibration topics are identified: radiometric calibration (and image acquisition in general), pointing registration and spectral registration.
Processing chain
From L0 to L1 data
Although there are a number of common steps, fundamental differences exist between limb and occultation data which deserve specific treatment. Similarly, solar occultations and stellar or planetary occultations have their own complexity related to the fact that the Sun is an extended source whereas stars are point sources.
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The first input to the L1 processing chain is obviously the ALTIUS L0 data. It consists of three types of files :
-the science data (the observed scene spectral intensity provided in the form of a matrix of integers) stored in one file per snapshot, and tagged with the acquisition time and the channel identifier.
-the payload ancillary data gathered in one file per spectral image, and tagged with the acquisition time and the channel identifier.
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-the platform ancillary data collected as a time series of parameter values allowing for interpolation at the time of any particular image acquisition.
These data must be complemented by on-ground characterizations, in-flight calibrations and the best estimate of the polarization ellipse of the incoming radiance. The L1 data processing stage then proceeds through the following fork:
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-for bright limb images, in-flight calibration data combined with S/C attitude knowledge are used to determine the spatial coordinates of the tangent point (TP) of each pixel line of sight (LOS) above the reference geoid. Digital radiances (and their uncertainties) are computed for each pixel by taking into account the polarization state, and are flagged for the presence of clouds.
-for stellar occultations, two main differences exist: the atmospheric slant transmittance is obtained by dividing the 20 star spectral irradiance by the measured exo-atmospheric reference; a ray tracing computation is performed based on ECMWF air/temperature data in order to determine the physical tangent altitude of the optical path and the refractive dilution factor to be applied (Fussen, 2015) .
-for solar occultations, successive acquired sun images partially overlap. Each pixel of the Sun image is associated with a specific tangent altitude computed by ray tracing and a radial distance to the center of the unrefracted Sun that determines 25 the solar limb darkening distribution. Overlapping tangent altitudes are recombined into a common grid.
It is worth pointing out a small difference, related to LOS sampling, between grating based spectrometers and spectral imagers. The former record all useful wavelengths at once but at a fixed tangent altitude. The latter capture all tangent altitudes at once but at a fixed wavelength for each channel during the integration time (although the 3 ALTIUS channels operate independently). Both remote sensing techniques assume a locally homogeneous spherical atmosphere in order to apply simple corresponds to about a 70 km along-track displacement for a LEO orbit. Also, if the number of limb scattering observations per orbit could be increased up to 100 (instead of 50) depending on the final platform performance, the possibility of along-track tomographic retrievals from successive observations, compatible with the vertical sensor resolution, will be considered in the operational data processing.
Radiative transfer
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The development of the ALTIUS radiative transfer models is a long term activity driven by a trade-off between speed and accuracy, for all considered observation modes. Hereafter, we simply outline the general frame in which the relevant algorithms will be constructed, tested, optimized and finally integrated in a so-called forward model.
The density distribution of the atmospheric trace constituents is not observable directly. The remote sensing of an atmosphere is only made possible by measuring the electromagnetic energy outgoing from the atmosphere. The observed energy is the result 15 of absorption and scattering processes, caused by the atmospheric constituents, that modify the limb radiance and/or by thermal radiation generated in the atmosphere itself. To determine trace constituent densities thus requires solving the following inverse problem: given an observed radiation field, calculate the atmospheric composition that produced this observation.
It is the task of the retrieval algorithm to solve this inverse problem. This is typically done by minimising the difference between the observed radiation and the radiation calculated by a model of the atmosphere, in an iterative loop by adjusting the The ALTIUS team is presently developing a radiative transfer model (RTM) that will address all above-mentioned features.
The performance of the RTM will be assessed with respect to several existing RT codes:VLIDORT-2.4 (Spurr, 2006), SIRO-2.2 5 (Oikarinen, 1999), SCIATRAN-3.1 (Rozanov, 2000) and SASKTRAN (Zawada, 2015) .
In the future, we will consider two strategies to compute the polarization and multiple scattering effects in the radiance field:
1. The classical approach, which is to build a set of Stokes vector lookup tables, produced for an ensemble of atmospheric configurations and a grid of observational geometries, by running an accurate (possibly slow) tool, such as a Monte-Carlo program. In the retrieval algorithm loop, we can then interpolate over these tables to determine the Stokes vector for the 10 atmospheric configuration at hand. We will typically need to tabulate over at least 6 dimensions: albedo, wavelength, tangent height, solar zenith angle, view direction zenith angle and relative azimuth angle between the solar and view direction (see table 4 ).
2. A more refined approach, which also starts by building a set of lookup tables as in the first strategy, and then is followed by a fitting stage, in which a small set of fit functions are derived that efficiently (w.r.t. speed and data requirements)
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can reproduce the data in the tables. These functions could e.g. represent a multiplicative correction factor function, with domain in the above 6-dimensional space and defined as the ratio of the total scattering divided by the single scattering contribution. Such a correction factor could be applied to the Stokes vector that is in-scattering at each point of the half-line of sight.
For the trace gas retrieval, the RTM will represent the forward model, i.e. a single scattering algorithm with multiple scat-20 tering corrections.
In the infrared domain, we will consider the correlated-k method (Mlawer, 1997; Lacis, 1991) , a technique that is often used to reduce the number of wavelength points for which monochromatic RT calculations have to be done. The basic idea of the method is to sort the wavelengths according to the absorption coefficient at these wavelengths. On the re-ordered wavelengths grid the spectrum is smooth and monotonic, so very few quadrature points are needed for the spectral convolution.
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The advantages of this method are that it is very efficient and conceptually easy. Instead of having to do several thousands of monochromatic RT calculations, this can now be reduced to typically 10 to 40. A disadvantage of this technique is that the exact sorting depends on pressure, temperature, and trace gas concentration. We intend to combine the fine resolution spectral data (computed in a line-by-line approach) and the correlated-k method to produce a broadband model, for a number of absorption line complexes of a number of chosen trace gases (H 2 O, CO 2 , CH 4 and O 2 ). The output of this broadband model will be in the 30 form of cross section tables, structured in such a way that they can serve as input files for the RTM. 
From L1 to L2 data
For bright limb retrievals, it is a common practice to avoid the need for absolute radiometric calibration by normalizing the signals found at the target tangent altitudes with respect to a reference taken at a higher altitude. This renormalization also allows to remove an important part of the ground albedo/cloudiness effects to the extent that all altitudes are similarly affected.
The efficiency of the normalization (f.i. with respect to a reference radiance at 40km) has been estimated by comparing the 5 relative difference of normalized radiances with and without albedo effects taken into account in the RT model (see Figure 17) .
Above 15 km, the error made by neglecting the albedo (A=0) when using normalized radiances is always smaller than 6 %, in the most perturbative case (A=1). Considering the error spectral dependence, a further normalization with data at a relatively close wavelength will virtually suppress it.
ALTIUS measurements will consist of spectral images capturing a scene of 100x100 km 2 at the tangent point without 10 the need of any scanning mechanism. The detector pixel density enables an unmatched spatial sampling of the geophysical scene. For instance, the visible channel will provide independent measurements every 200 m, typically one order of magnitude finer than all previous UV-VIS-NIR limb-scatter instruments or microwave emissions sounders. In addition, the absence of scanning also improves the knowledge on the LOS tangent height which is a crucial parameter for constituents exhibiting steep vertical concentration gradients. On the other side, unlike classical grating spectrometers, a limited number of spectral 15 micro-windows has to be selected. This is a well-known trade-off in spectral remote sensing: a full high-resolution spectrum increases the statistics (more spectral values) but decreases the S/N ratio per spectral pixel while medium-resolution microwindows allow focus on specific absorbers with higher S/N ratio. For ALTIUS, the number of used wavelengths is conditioned by the luminosity of the instrument and the brightness of the light source, both of which drive the detectors exposure time, and by the spectral information content of the target absorber optical thickness. However, the tunability of the AOTF and FPI will 20 preserve the freedom of choice for the measurement wavelengths.
The approach here will consist of selecting the best set of wavelengths that maximizes the sensitivity to a particular constituent. First, the measured radiances will be processed to correct for the relative response non-uniformity across the FOV, then normalized by a higher altitude measurement at the same wavelength, and finally assembled in doublets or triplets (multiplets)
involving two or more wavelengths. These multiplets will be compared to the corresponding output of a radiative transfer (RT) 25 model and will trigger an iterative optimization of the trace gases concentration profiles.
As the full RT of ALTIUS is still under development, the scalar commercial code MODTRAN 5 (Berk, 2006) has been used to assess the achievable mission performance. The retrieval of vertical concentration profiles from multispectral images is a standard inversion problem, for which we followed the widely used Bayesian approach described in Rodgers (2000).
For occultations, the SNR depends on the selected light source. For solar occultation, the source always displays the same 30 characteristics: a wealth of available light, a finite angular extension, and a spectral output that has a maximum at visible wavelengths. Stellar occultations use point-like light sources with properties that are characterized by star magnitude and temperature. Retrieval quality changes for each individual star: bright hot stars (strong UV output) will deliver accurate strato-3.3 ALTIUS performance
Expected general performance
The development of optimal retrieval algorithms for different species and observation geometries is a long term work that will extend up to the mission commissioning phase and even further if the in-flight instrument characterization deviates from the requirements. The Data Processing Model (DPM) is therefore an ongoing activity. The capability of retrieving a set of con-5 stituent profiles from ALTIUS synthetic limb scattering and occultation measurements has been assessed. Three major sources of instrumental error (i.e. measurement noise, pointing error and wavelength misregistration) were included. Other measurement errors (f.i. in-field straylight level)
are not yet well characterized and were kept fixed to their requirement levels. The same approach has been followed for each retrieved species. First, a near optimal set of relevant wavelengths was identified based on the heritage of previous missions when existing, or from trials otherwise. Second, an error-free retrieval was performed. Third,
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retrieval precision and accuracy were evaluated from synthetic measurements that were perturbed according to radiometric, pointing and spectral errors. Finally, a global error budget was computed and compared to the ALTIUS level-2 requirements.
In Table 5 we summarize the present status of the DPM results with respect to target and threshold objectives.
Expected ozone performance
Ozone vertical profiles being the first target of ALTIUS, extended simulations have been performed to assess the performance 15 level. For limb scattering observations, we report in Fig. 18 an example of the retrieved concentration profile. The corresponding individual error sources are presented in Table 6 .
As expected, ozone retrievals are of good quality for solar occultations. Errors are mainly due to imperfect pointing. The profiles are retrieved at sampling resolution from 20 to 80 km. The results are presented in Fig. 19 . Unsurprisingly, stellar occultations show more noise due to measurement error, since SNR is lower. Furthermore, some residual scintillation may 20 remain, depending on the integration time and on the obliquity of the occultation plane. However, the effect is moderate (see Fig. 20 where the ozone absorption in the Chappuis band is easily identified) and will be numerically removed in further studies.
Merging of multiple observation modes at L3 level
By making use of a dedicated data assimilation system like BASCOE, it can be shown that the ensemble of ALTIUS mea- self-validation of data sets.
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As a UV-VIS-NIR instrument, ALTIUS will also be sensitive to a number of other parameters that are usually difficult to take into account in retrieval models (albedo, aerosol content, multiple scattering, etc.). These sources of error are not specific to ALTIUS, and in most cases, their impact on the retrieval performance will not be different for ALTIUS than for other UV-VIS-NIR sensors.
Two main scientific questions will be addressed by ALTIUS. The first one relates to the confirmation of the ozone recovery in 25 link with the effectiveness of the Montreal Protocol. The second one expresses a fundamental need to quantify the stratospheric contribution of ozone, aerosols, water vapor and methane changes to climate forcing. Another important aspect of the ALTIUS mission is its complementarity to the ESA operational Sentinel-4, 5, and 5P missions, which are dedicated to monitoring the composition of the atmosphere for the Copernicus Atmosphere Services. ALTIUS measurements have the potential to help validate and improve the tropospheric ozone, tropospheric NO 2 and tropospheric methane columns from these nadir sounders.
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At this time, the ALTIUS project has completed its phase B1 development, and is on its way toward a Preliminary Design
Review of the whole system. It has undergone several successful reviews of the mission concepts and performance require- 5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 75, 100 Solar zenith angles (deg.) 0, 15, 30, 45, 60, 75, 90 View zenith angles (deg.) 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180 Relative azimuth angles (deg.) 0, 30, 60, 90, 120, 150, 180 Albedo 0.0, 0.3, 0.6, 0.9 Table 5 . ALTIUS performance levels obtained so far for bright limb (BL), solar (SoO)and stellar (StO) occultations observation modes.
"3"="target met or proven by design", "2"="threshold met", "1"="not studied yet or require further studies" 
